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Abstract  
The initial adsorption of proteins to materials for implantable microelectrodes is an 
important factor in determining the longevity and stability of the implant.  Implantable 
microelectrodes have the potential to become part of neural prosthesis to restore lost nerve 
function after nerve damage.  The aim of this study was to identify an optimum material for 
electrode recording sites on implantable microelectrodes.  Common materials for electrode 
sites are gold, platinum, iridium, and indium tin oxide; these, along with a reference 
material (titanium) were investigated.  Once an implant is in the body, protein adsorption 
takes place almost instantly before the cells reach the surface of an implant.  In this project, 
the adsorption of proteins to materials for electrode sites has been investigated using atomic 
force microscopy and ellipsometry.   
 
The protein layers adsorbed to Au after 7 and 28 days were the smoothest and the thinnest 
compared to all the other substrate materials.  Among all the materials studied, Au is the 
best conductor, the most readily available and has good adhesion strength.  Au is the 
material of choice for electrode recording sites on implantable microelectrodes.  This work 
has demonstrated the suitability of different materials for electrode sites on implantable 
microelectrodes.   
 
Keywords: microelectrodes, implantable, metals, protein adsorption, recording sites.  
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1. Introduction 
Where permanent nerve damage occurs, the nerves below and above the level of damage 
generally remain intact and active.  Scientists have therefore been trying to overcome the 
nerve damage by using chronically-implantable microelectrodes to record from and/or 
stimulate cells of the nervous system (Heiduschka and Thanos, 1998).  Partial restoration of 
lost function has been achieved by advances in functional electrical stimulation (Pechham 
et al., 1980), however restoration of complex functions, such as standing and walking, 
require feedback to the stimulator to regulate the output of the stimulator.  To achieve this, 
a number of groups have developed chronically-implantable microelectrodes (e.g. Ensell et 
al., 1996; Ensell et al., 2000) to interface with the human peripheral nervous system.  These 
types of implantable microelectrodes may also be implanted in the central nervous system 
as part of neural prostheses; for example a multi-electrode array implanted in the motor 
cortex and surrounding areas can be used to extract motor signals from the brain, and an 
online computational device could be used to convert these motor signals into output 
signals that are capable of controlling an artificial limb (Rousche and Norman, 1998).   
 
Figure 1 shows a schematic of a typical implanable microelectrode probe, consisting of a 
number of electrode sites located on a penetrating shank that is inserted into a nerve.  A 
mesa structure is used to give strength and to allow interconnection to the outside world.  
Generally the electrode sites, interconnecting leads, and the bonding pads are made of a 
conducting metal deposited on a silicon-based substrate.  The whole microelectrode is 
usually insulated by a passivation layer, leaving the electrode sites and bonding pads 
exposed.  
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Protein adsorption is believed to be the initial event that takes place when a material is 
inserted into the body (Andrade and Hlady, 1987; Wahlgren and Arnebrant, 1991).  The 
initially-adsorbed proteins have a significant influence on the subsequent adsorption of 
further proteins, cells; and microorganisms.  They thus dictate the interfacial reactions and 
ultimately the biocompatibility of the material (Williams et al., 1985).  Protein adsorption 
therefore has a significant impact on the in vivo performance of implants.   
In the case of electrode recording sites, there should be an intimate contact between the 
nerve cells and electrodes to maximise the signal to noise ratio.  To achieve this, the surface 
should be covered with a thin and smooth layer of protein as possible.  Generally smoother 
surfaces are preferred to rougher surfaces, because rougher surfaces give rise to higher 
surface area, thus giving more chance for microbes to adhere and cause infection.   
Since adsorption rates vary between different materials, it is necessary to assess the rate at 
which proteins adsorb to different materials used for recording sites on implantable 
microelectrodes in order to optimize the performance of the probe.  Once in the body, an 
implant will inevitably be exposed to proteins and ions in the blood and extracellular fluid.  
Proteins and ions from the extracellular fluid become deposited on the implant first, and 
then the signals from these adsorbed proteins attract cells to the implant surface.  The 
constituents of diluted blood plasma closely resemble the constituents of extracellular fluid.  
Therefore protein adsorption studies using diluted blood plasma provide the closest match 
to the in vivo situation.   
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In this paper, we describe an analysis of protein adsorption from plasma onto materials for 
electrode sites obtained through the combined use of atomic force microscopy (AFM) and 
ellipsometry.  Common materials used for chronically implantable microelectrodes were 
chosen for study: gold (Au), platinum (Pt), iridium (Ir), indium tin oxide (ITO) and 
titanium (Ti).  Au, Pt, and Ir were selected because they are the most common materials 
used for in vivo electrode sites (BeMent et al., 1986; Edell, 1986; Drake et al., 1988; Jonzon 
et al., 1988; Rozman et al., 1988; Anderson et al., 1989; Najafi et al., 1990; Blum et al., 
1991; Bradley et al., 1992; Edell et al., 1992; Hoogerwerf and Wise, 1994; Kim and Wise 
1996; Kewley et al., 1997; Ensell et al., 2000).  ITO was chosen because of its 
transparency, long-term stability in saline, and its wide use as in vitro planar electrodes for 
recording electrical signals from neurons (Litke and Meister, 1991; Jimbo and Kawana, 
1992; Gross et al., 1993; Grattarola et al., 1995; Gopal and Gross, 1996).  Although Ti is 
not a very good conductor, it was chosen as a reference material because it is a long 
established implant material (Klinger et al., 1998) for which protein adsorption has already 
been well-characterised (Bess et al., 1999; Hook et al., 2002; Yang et al., 2003).  The 
materials were deposited as thin films (100nm in thickness in most cases) to replicate the 
thin films used in implantable microelectrodes.   
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3. Materials and Methods 
3.1 Materials 
All the materials except ITO were deposited as thin films (100nm) on glass microscope 
slides (75mm25mm1mm).  The thickness of the ITO layer is 200nm and it was prepared 
by “float” process, in which molten glass is floated on a pool of liquid tin under a 
nitrogen/hydrogen atmosphere (Delta Technologies, MN, USA).  Au, Pt and Ti thin films 
were obtained from the University of Sheffield’s (UK) EPSRC Central Facility for III-V 
Semiconductors.  The Ir slides were obtained from Goodfellow (UK).  Au, Pt and Ir had 
10nm of Ti to act as an adhesion layer to the glass substrate.  Materials were cut to size 
(10mm12mm), cleaned with 70% ethanol and then washed three times with distilled water 
before all the experiments.  The backside of the ITO slide used for ellipsometry was 
roughened using a fine sandpaper to prevent reflection from the back.   
 
3.2 Methods 
Rabbit plasma was obtained from Charles River UK and diluted to 1:10 with water to give 
the final total protein concentration of 5mg/ml.  The total protein concentration of the rabbit 
plasma was determined by using a Pierce BCA protein assay kit (cat # 23225) and Unicam 
SP 600 series-2 spectrophotometer.  A standard curve was constructed by plotting known 
concentration of bovine serum albumin (BSA) standards against their measured optical 
density at 562nm.  The optical density of the unknown plasma sample was measured and 
the corresponding concentration was read off from the standards curve.  The diluted plasma 
was preheated to 37°C and centrifuged at 160g for 5 minutes to remove any clumps of 
protein.  The materials were incubated in 8ml of diluted plasma at 37°C for 1day, 7days 
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and 28days.  At the end of the incubation period, samples were taken out, rinsed briefly 
with 5ml of distilled water and dried overnight in a desiccator.   
 
3.2.1 Ellipsometry 
The ellipsometry was performed on materials exposed to plasma for 1day to measure the 
thickness of the protein film.  The AFM was used to measure the thickness of protein film 
adsorbed to materials after 7 days and 28 days exposure to plasma, because the thickness of 
protein films after these time points were on or above the top range of thickness an 
ellipsometer can measure.   
Ellipsometry does not directly measure the sample parameters of interest such as layer 
thickness and optical constants; rather it measures the change in polarisation state of light 
reflected from a surface (Azzam and Bashara, 1977).  Two parameters determine the state 
of polarisation: the amplitude ratio () and the phase difference ().  The change in 
amplitude and phase of the polarised light upon reflection is determined in two 
components: in the plane of reflection (the p-plane) and in the plane perpendicular to the p-
plane (the s-plane). 
 
A variable angle of incidence spectroscopic ellipsometer with rotating analyser (J. A. 
Woollam Co., Inc., Nebraska) was used.  The modelling was performed using the 
WVASE32 software.  The interpretation of  and  data for an adsorbed protein film into 
refractive index and thickness of the protein film needs an optical model.   
 
Having obtained values of  and , it is possible to construct a model from which accurate 
predictions of measurements from a sample of known properties is possible.  This model 
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contains some known parameters such as wavelength of the incident light, polarisation of 
the incident beam, and the angle of incidence.  The model also contains some unknown 
physical parameters, such as layer thickness and optical constants.  It is possible to vary the 
unknown physical parameters and calculate data until a set of variable parameters, which 
yields calculated data that very closely matches measured optical data is found.  Having 
found a set of physical parameters that yield calculated data, which closely match the 
experimental data, it is then important to establish that the set of best-fit parameters are 
unique, physically reasonable, and not strongly correlated.  It is also possible to calculate a 
number of statistical quantities, which help to evaluate the accuracy and the precision of the 
fit results.   
 
Scans were performed at wavelengths between 400nm and 800nm in steps of 10nm, and at 
angles of incidence of 65°, 70° and 75° before and after exposure to plasma for 24 hours.  
Five replicates of each material were analysed.  The values of  and  for the bare 
substrate and the protein layer at different angles of incidence and wavelengths were 
recorded.  Initially  and  of the bare substrate were fitted with the corresponding data 
from the library.  Then  and  of the protein layer was fitted by building models and 
changing one parameter at a time to get a best model fit.  A Cauchy layer can be used to 
model materials such as dielectrics, semiconductors, many transparent materials, and 
organic materials.  The index of refraction (n) is represented by a slowly varying function 
of wavelength ():   
 
.........)(
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
CnBn
Ann   Equation 1 
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A Cauchy dispersion model with two parameters (An = 1.55 and Bn = 0.01 or 0.001) was 
used to model the protein film.  The values of An and Bn were varied during the modelling 
and found that An = 1.55 and Bn = 0.01 fitted proteins on some materials and An = 1.55 
and Bn = 0.001 fitted proteins on other materials.   
 
Among all the materials tested only ITO was transparent, and needed two separate layers in 
the model for glass substrate and the ITO film.  For all the other materials the metal layer 
and the glass substrate were considered as a single layer in the model.  The thickness of the 
glass substrate is 1mm therefore the thickness of the metal layers were set to 1mm in the 
models for all the materials except for ITO.   
 
3.2.2 Atomic Force Microscopy (AFM) 
A NanoScope III (Digital Instruments, California) atomic force microscope was used in this 
study.  AFM was performed on all the materials to obtain topography images of the 
surfaces before and 1day, 7days and 28days after exposure to plasma.  The roughness 
analysis was performed on all the bare substrates and surfaces exposed to plasma for 7days.  
The contact mode AFM was used in “window technique” to remove part of the protein film 
adsorbed to the surfaces before obtaining the topography images using tapping mode AFM.  
The tapping mode AFM was performed to scan across the steps in “step technique” and 
section analysis was performed across the steps on surfaces exposed to plasma for 7days 
and 28days.   
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At first a technique called “window technique” was used in an attempt to analyse the 
thickness of protein layer adsorbed to surfaces.  In this technique part of the protein layer 
was removed by the silicon AFM tip in contact mode, a scan was performed across the 
window at tapping mode, and the vertical distance between the peak and valley (depth) was 
measured.  It was evident from the experience that ordinary silicon tips used to obtain 
topography images were not strong enough to create windows, as they were broken during 
the operation and require special diamond AFM tips.   
 
The window technique proved to be difficult with the silicon AFM tip, so there was a need 
to develop alternative technique to assess the thickness of protein film adsorbed to 
materials after 7 days and 28 days.  A technique was developed to study the thickness of 
protein film adsorbed to materials after 7 days and 28 days exposure to plasma.  In this step 
technique part of the protein film was carefully removed using cotton buds soaked in 
trypsin (0.25%) to create a step with sharp edge as possible.  Trypsin is an enzyme, which 
digests peptide bonds in proteins.  The debris after trypsin treatment was removed using 
cotton buds soaked in 70% ethanol and the samples were allowed to air dry for 2 hours.  
The scans were performed across the step using tapping mode AFM and roughness and 
section analysis were performed across created step.  Fig. 9 shows an example of a 
topography image across a step.  As can be seen the protein on the right hand side of the 
image has been removed to create a step.   
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3. Results 
3.1Analysis of bare surfaces 
Surface energy and roughness are the two most important properties of the material that 
determine the adsorption of proteins to surfaces (Horbett et al., 1987).  The fabrication 
process plays a minor role in influencing the surface roughness of a thin-film material.  The 
surface roughness (Rrms and Ra) of all the materials are shown in Fig. 2.  As the Rrms is an 
indication of the deviation of height from the mean data plane, it gives a better picture of 
the surface roughness compared to Ra and Rmax.  It can be seen that Ti has the roughest 
surface and Pt has the smoothest surface.  ITO and Ir have similar surface roughness values 
and they are higher than Pt and Au.  The surface roughness of Au is approximately 40% of 
the surface roughness of Ti, by all three measures of surface roughness.  AFM images of all 
the bare surfaces are shown in Fig. 3-7.  It can be seen that Ti has highest amount of surface 
features (peaks and valleys) and Pt has the lowest amount of surface features.  ITO and Ir 
have similar surface features.  From the 1µm scan of Au and Pt, it can be seen that both of 
these materials have regular grain structures, but the grains are bigger in the case of Au 
compared to Pt.   
 
In addition to the above studies, a qualitative assessment of surface free energy was 
performed (not shown) by depositing 1l distilled water onto the surface of the bare 
substrates and measuring the diameter; the larger the diameter, the more hydrophillic the 
surface is and the greater the surface free energy.  The tests indicated that the surface free 
energy of Ti and ITO were significantly greater than those of Au, Ir and Pt which were 
similar to one another. 
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 3.2  Materials Exposed to Plasma for 1Day 
The thickness of protein films was obtained from ellipsometry data by measuring  and  
and building a model to fit the measured  and ; the results for the five materials are 
shown in Fig. 8 and 9.  It can be seen that there are only slight difference between them.  
ITO has the thinnest layer of protein; this indicates that protein adsorption is minimum on 
surfaces with medium surface energy.  Ti has the thickest layer of protein; this could be due 
to the hydrophilic nature of the surface.  Ti and Ir have a lot of variation on the thickness of 
protein layer adsorbed to them, indicated by the high standard deviations.  The protein layer 
on ITO is approximately 10 times thinner than on Au and 12 times thinner than on Ti.  
Tapping mode AFM was performed on all the materials after 1-day incubation with plasma.  
The topography images are shown in Fig. 3-7.  As can be seen, Au and Pt have more 
uniform surfaces than all the other materials, this correlates with the smooth and regular 
grain structures seen on the topography images of both bare surfaces.  Ir has the highest 
amount of surface features with deep valleys and high peaks.  Although ITO has a high 
amount of surface features, it can be seen from the contrast in the images that they are not 
as deep as the surface features seen on Ir or Ti.   
 
3.3 Materials after 7 and 28 days exposure to plasma 
At longer exposure times, ellipsometry was found to give poor results due to the thickness 
of the film, and so tapping mode AFM was used to determine topography and (in window 
mode) protein thickness on all the materials after 7 and 28 days incubation with plasma.  
The topography images for 7-day exposure are shown in Fig. 3-7.  As can be seen, Au and 
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Pt have smoother surfaces compared to all the other materials.  Ir and Ti have large 
amounts of surface features compared to all the other materials.  ITO has spherical 
structures scattered across the surface.  The thickness of protein layer adsorbed to different 
materials after 7 days exposure to plasma is shown in Fig. 9.  The roughness (Rrms and Ra) 
of protein layer adsorbed to different materials after 7 days exposure to plasma is shown in 
Fig. 10.  Tapping mode AFM was also performed on all the materials after 28 days 
exposure to plasma.  The topography images are shown in Fig. 3-7.  As can be seen Ir, Ti 
and ITO have large amounts of surface features compared to Au.  Pt has larger surface 
features compared to all the materials.  The thickness of protein layer adsorbed to different 
materials after 28 days exposure to plasma is shown in Fig. 9.   
 
4. Discussion 
In all cases, the thickness of protein layer adsorbed after 7 days is higher than that of after 
1day exposure to plasma, indicating a growth process.  The thickness of protein layer 
adsorbed to Au, Ir, and Pt after 7 days is similar; indicating the rate of adsorption is similar 
on these three materials up to 7 days, which in turn correlates well with their similar values 
of surface energy.  The rate of protein adsorption onto ITO and Ti is much faster up to 7 
days compared to other materials, again correlation well with the surface energy 
measurements.  As can be seen from the topography images, Au and Pt have an apparently 
continuous layer with uniform thickness after 7 days exposure to plasma, whereas Ti and Ir 
have peaks and valley structures, and ITO has distinctive spherical structures scattered 
around the surface.  The smoother protein layer on Au could be explained by the lower 
surface roughness and the rougher protein layer on Ti could be explained by the higher 
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surface roughness of the bare substrates.  This indicates that both the topography and 
surface energy of the bare substrate have a role in dictating the manner in which protein is 
adsorbed, but having distinct roles in dictating the protein film thickness and topography 
respectively.  The island formation seen on the ITO slide is dissimilar to all the other sides.  
After 28 days, the results are more complicated.  First, Pt has the highest rate of adsorption 
after 7 days.  The very high thickness value obtained for Pt after 28 days exposure to 
plasma could be partly due to delamination seen on parts of the Pt sample, some of which is 
visible in the AFM image, and the results should be examined (and disregarded) in that 
light. After 28 days exposure to plasma, Au has the smoothest and most continuous layer, 
ITO has non-uniform features, whereas all the other materials have high peaks and deep 
valley structures.   
 
Although the mechanisms of the protein adsorption process have been studied and reviewed 
extensively, many aspects of the mechanisms of the adsorption process remain speculative 
due to the technical difficulties of the subject (Andrade and Hlady, 1986; Horbett and 
Brash, 1995).  Some of the literature report protein adsorption as irreversible adsorption of 
protein, but in fact desorption can also occur (Burghardt and Axelrod, 1981; Tilton et al., 
1990).  For example, Ti has the thickest layer of protein after 7days and thinnest layer of 
protein after 28 days, indicating that the rate of protein adsorption is faster than the rate of 
desorption up to 7 days and the rate of desorption is faster than the rate of adsorption 
between 7 days and 28 days.  Protein adsorption onto Au and Ir follow a slow growth 
pattern up to 28 days, indicating both adsorption and desorption with rate of adsorption is 
slightly higher than the rate of desorption.  The rate of protein adsorption onto ITO after 7 
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days is much slower than the rate of adsorption before 7 days.  Again this indicates both 
adsorption and desorption processes with rate of adsorption dominating over the rate of 
desorption.   
 
From the findings, it is evident that the adsorption of protein to Ti starts with a rapid 
growth process where the rate of adsorption is greater than the rate of desorption, and 
reaches an equilibrium point where the rate of adsorption is equal to the rate of desorption 
and then the rate of desorption becomes greater than the rate of adsorption.  The extent of 
reversibility of protein adsorption depends on the surface energy, surface coverage, and 
extent of denaturation.  Protein adsorption to hydrophilic substrates is generally reversible 
(Horbett et al., 1987).  From the surface energy experiments Ti is the most hydrophilic 
surface compared to other surfaces and the pattern of protein adsorption on Ti correlates 
with this.  All the other materials are hydrophobic compared to Ti and hence show less 
irreversible protein adsorption.  The exception to this is the case of ITO, but the deposition 
pattern – consisting of large island structures with little protein deposited between – 
indicates that the deposition dynamics onto this semiconducting material is quite dissimilar 
to those of the other materials, and is worthy of further study. 
 
From the results, the material with the roughest and most hydrophilic surface (Ti) adsorbs 
the thickest layer of protein after 1 day and the thinnest layer of protein after 28 days.  The 
material with the lowest surface energy (Au) adsorbs the thinnest and smoothest layer of 
protein, and the material with the highest surface energy (Ti) adsorbs the thickest and 
roughest layer of protein after 7 days exposure to plasma.   
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5. Conclusions 
This work is the first to study and compare the protein adsorption on different materials 
specifically for microelectrode sites on implantable microelectrodes.  In summary, based on 
the findings reported here and considering other factors such as conductivity, availability, 
and strength of adhesion to the substrate, it could be concluded that Au is the material of 
choice for electrode recording sites on implantable microelectrodes.  Among all the 
materials studied, Au is the best conductor, the most readily available and has good 
adhesion strength.  This work has demonstrated the suitability of different materials for 
electrode sites on implantable microelectrodes.   
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Figure captions 
1:  Pictures of a typical neuroprobe.  Left: a schematic diagram (not to scale) of a typical 
neuroprobe showing the different components.  Right: a scanning electron 
micrograph of one of the probes showing the shank with electrode recording sites.   
2:  The surface roughness (Rrms and Ra) of different materials.  The values obtained from 
a 9µm2 area scan for each material.   
3:  Topography images of Au. a) bare substrate, and b) 1 day, c) 7 days, and d) 28 days 
exposure to plasma.   
4:  Topography images of Ir. a) bare substrate, and b) 1 day, c) 7 days, and d) 28 days 
exposure to plasma.   
5:  Topography images of ITO. a) bare substrate, and b) 1 day, c) 7 days, and d) 28 days 
exposure to plasma.   
6:  Topography images of Pt. a) bare substrate, and b) 1 day, c) 7 days, and d) 28 days 
exposure to plasma.   
7  Topography images of Ti. a) bare substrate, and b) 1 day, c) 7 days, and d) 28 days 
exposure to plasma.   
8:  Thickness of protein layer on different materials after exposure to plasma for 1 day. 
9:  Thickness of protein layer adsorbed to different materials after 1, 7, and 28 days 
exposure to plasma.   
10:  Surface roughness (Rrms) of bare substrate, protein layer adsorbed to different 
material after 7 and 28 days exposure to plasma.  
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Fig. 9: 
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Fig. 10: 
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